Abstract-A superconducting dipole, designed for use as a sweeper magnet in nuclear physics experiments, i s being constructed by the NHMFL for operation at the NSCL. The magnet operates at a peak field of 3.8 T in a 140 mm gap. A multi-particle beam enters the magnet from the upstream side. The neutrons continue straight through to a neutron detector. The charged particles are swept 40 degrees on a one-meter radius into a mass spectrometer. To allow space for the exit o f the downstream neutron beam, the magnet iron and coil structure are built in a modified "C" configuration. There are two coils of I'D" shape, one above and one below the beam. This configuration keeps the magnet compact and removes the need for a negative curvature side. The peak field in the winding is 6.5 T. The net force on the curved leg of a single 'ID" i s 1.6 MN. Design of the structure to contain these forces in a superconducting magnet of such a geometry is presented along with details of stability and quench analysis, field profiles, etc.
INTRODUCTION
HE National High Magnetic Field Laboratory has finished the electromagnetic and structural analysis of the NHMFL/NSCL sweeper magnet [I] . The magnet is designed to bend charged particles of 4 Tm rigidity 43 degrees at a radius of one meter. Due to space limitations as well as gap size requirements, a high current-density D-shaped winding pack is required, and the forces acting on the structure are high. Here we present results on the 3D analysis of the electromagnetic performance of the magnet as well as the structural analysis of the combined winding pack and bobbin, performed using contact elements that allow for slippage and separation of the two. We also present data concerning the stability of the magnet, as well as system protection.
The purpose of the magnet is to bend charged particles of a secondary beam away from the path taken by the neutrons (see Fig. 1 ). The main design criterion is therefore to provide sufficient bending of charged particles. The requirement of a 43 degree bend of a 4 Tm particle on a one meter radius results in a required field of about 4 T. The magnet is required to have a large (-14cm) gap to allow for adequate angular resolution of the neutrons generated during the collision. A further design constraint is that the stray field 32cm in front of the system be less than 100 Gauss, and that the front not be obstructed, in order to allow for the placement of an array of photo-multiplier tubes for gamma detection (see Fig. 1 ). Finally, since the system will be used for different applications, the design must allow for disassembly into units weighing less than 2.5 tons. 
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Ill. MAGNET DESIGN PARAMETERS
The requirements listed in the introduction dictate the basic design of the system [I] . The stray field requirement dictates the use of a large amount of iron in the form of a "C" to constrain the magnetic flux. The iron pole-pieces also add significantly to the beam-line field (-38%). A CAD model of the complete sweeper magnet is shown in Fig. 2 . Many of the design parameters are provided in Table 1 . Note that due to the large split, the conductor is subjected to a peak field significantly larger than the peak beam-line field. Rectangular wire is chosen in order to maximize the packing factor. The wire will be insulated with Formvar; layers will be separated
by sleeves of glass fiber cloth. The bobbin surface will be coated with Teflon to allow for slippage with minimal heat deposition. The size of the wire is based in part on an effort to keep the power supply requirements below 500 A. The choice of copper to superconductor ratio is a compromise between stability concerns and magnet protection. A key design criterion was that the magnet be self-protecting. Our analysis shows that the peak hot-spot temperature will be less than 175K, and that the peak voltage during a quench will be less than 1000 V. Increasing the Cu ratio will decrease these values, but also decrease the minimum quench energy. 44% 160.0 244.8 In order to contain the Lorentz forces and minimize strains within the coil-pack while minimizing conduction heat load, we have developed a bobbin design that includes a cold link connecting the inboard and outboard legs at the center (see Fig. 3 ). Since the link traverses the pole-piece, a slight increase in current density is required in order to make up for the field lost due to the removed iron. However, the advantages are significant: the resulting bobbin structure is very stiff, resulting in reduced strains in the coil-pack, and the vast majority of the in-plane Lorentz forces are reacted against each other within the cold structure. The remaining forces pull the structure towards the iron, and are reacted against the vacuum vessel with G10 pegs. The cold structure is also designed to react all of the axial loads, with warm to cold links (G10 pegs) serving only for positioning and to contain loads from gravity and during moving, as well as any forces resulting from misalignment. This approach minimizes the conduction heat load on the system. The coil-pack and bobbin were modeled using the finiteelement code AnsysTM. Based on the symmetries of the system, a quarter of the system was analyzed. One half of the total magnet bobbin is shown in Fig. 4 , with the finite-element mesh. A half of one of the coil-packs is shown in Fig. 5 , with six sections shown. For each section the net force vector is obtained from the electromagnetic calculations, performed I using Vector FieldsTM software. The force vectors are provided in Table I . The force vectors are then distributed over the finite element mesh of the corresponding sections. Note that the iron pole-pieces are strongly attracted to each other, but that the coils are attracted to the iron due to the large gap. Table 1 for details of the force vectors.
Due to software limitations, the coil-pack had to be modeled as a single model anisotropic material. The materials composing the coil-pack, and their properties, are presented in Table 2 . The resulting properties of the coil-pack are then deduced from the cross sections of the different materials in each direction The final values used in the finite-element calculations are presented in Table 3 .
V. REsuLrs The Lorentz loads and the thermal loads are applied simultaneously. Numerous design modifications have been made to the bobbin in light of these calculations. These include stiffening of the long inboard and outboard sections by increasing the steel thickness and increasing the size of the fillets at the intersection of the cold link and the inboard and outboard sections. Significant strengthening of the structure attaching the upper and lower bobbins was required to reduce the peak bobbin stress to acceptable level. Initial finite element analysis of the coil-pack and bobbin solidly coupled clearly implied that the coil-pack separates from the bobbin, already during cool-down but also upon charging. We therefore performed the analysis using contact elements on all surfaces at the interface between the coil-pack and the bobbin. The elements allow for friction and separation, and are highly non-linear in nature. At full field the coil always separates from the inside" wall, even at the bends and end straight sections, although the largest separation occurs along the long outboard leg. Results V indicate that a peak separation of -0.15" will occur at full field.
The Von Mises stress distribution in the bobbin is shown in Fig. 6 The stress distribution in the coil-pack is shown in Fig. 7 . The peak Von Mises stress occurs in the 90 degree bend, and has a value of 103 MPa. These values appear to be acceptable based on values found in the literature for other dipole magnets [2] , although design differences may make direct comparison inappropriate. The strains associated with these stresses are shown in Fig. 8 Modulus (E), Poisson's ration ( ) and thermal contraction for the materials used in the bobbin and coil-pack. For E-glass, the first number refers to the in-plane direction (with respect to the weave), and the second is in the normal direction. The thermal contraction value is based on T=300-4.2. I 0.28% ~ -1 VI. CONCLUSION The structural design and analysis of the NSCL sweeper magnet is essentially complete. It appears that the experimental physics requirements can be met while limiting peak stress in the bobbin to 670 MPa and peak strain to 0.2%.
